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Abstract
Molecules and atoms can be isolated in low temperature solids, and this offers an opportunity to
study their properties in monomeric and complexed forms, and in photochemical reactions.
Hydrogen peroxide is an important molecule in various oxidation reactions in industrial chemistry
and  in  the  atmosphere.  In  this  thesis,  the  vibrational  properties,  structure,  and  photochemistry  of
hydrogen peroxide and its complexes have been studied in solid rare gases using infrared and
luminescence spectroscopy. Quantum chemical calculations have been carried out to interpret the
experimental results.
Hydrogen peroxide was obtained from urea hydrogen peroxide adduct compound by flushing it
with rare gas. This newly-developed method provides a safe and convenient means of producing
pure, gaseous hydrogen peroxide for laboratory studies. The IR spectra of H2O2, HDO2, and D2O2
in solid argon are presented and compared with previous results, and the IR spectra in solid krypton
and xenon are presented for the first time. Complexes of hydrogen peroxide with small atmospheric
species, such as SO2 and  N2 were studied using infrared spectroscopy and quantum chemical
calculations.
UV photolysis of hydrogen peroxide in solid argon produces a complex between water and a
ground  state  oxygen  atom,  and  OH  radicals.  It  is  found  that  the  H2O···O(3P) complex can be
converted back to hydrogen peroxide by light. A three-component photokinetic model
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describes the observed features in solid argon. The wavelength dependence of the rate constants is
presented. Additional photoproducts are observed in solid krypton and xenon. It was found that the
three-component model used in solid argon does not describe the experimental results obtained in
solid krypton and xenon. Permanent losses of O atoms are proposed, particularly in solid xenon.
Permanent losses of O atoms can be connected with the higher mobility of oxygen atoms in the
heavier  rare  gas  solids  as  compared  with  solid  argon.  The  relatively  weak  absorption  band  of  the
OH radical in solid krypton and its absence in solid xenon upon UV photolysis of H2O2 are
discussed in terms of delayed cage exit. The photochemical reaction H2O···O(3P) ??  H2O2 was
also observed in solid krypton and xenon.
The  H2O···O(3P) complex was also produced from water molecules and thermally mobilized
oxygen atoms in solid krypton, and the photochemical reaction producing H2O2 was also found. The
origin of this photochemical reaction is suggested to be a photoinduced charge transfer between
H2O and O with a concomitant recombination to hydrogen peroxide. Theoretical modeling of the
reaction pathway supports the proposed charge transfer mechanism. This photochemical reaction
may also have significance in atmospheric chemistry, because it may serve as a new source for the
production of hydrogen peroxide.
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11 Introduction
Photoinduced chemical reactions of various compounds can be studied in low-temperature
solids. The use of tunable lasers allows for the selective excitations of electronic and
vibrational transitions in order to generate new species. These photochemically produced
species can be studied using various spectroscopic methods. Quantum chemical
calculations are used to model the potential energy surfaces, reaction pathways, and
geometries of the species involved in the photochemical reaction to interpret the
experimental results.
This thesis comprises experimental and computational work on photochemical and
spectroscopic studies of hydrogen peroxide and its complexes in solid rare gases. The
emphasis is on the experimental work. Quantum chemical calculations are used to
understand the experimental observations. The development of a safe method to produce
small amounts of pure, gaseous hydrogen peroxide from a urea hydrogen peroxide adduct
compound  (UHP)  made  it  possible  to  study  hydrogen  peroxide.  [I]  Infrared  and
luminescence spectroscopy, isotopic substitution, and quantum chemical calculations were
used to characterize hydrogen peroxide, [I] its complexes, [III, VI] and its photolysis
products.  [II,  IV,  V]  Paper  VII  concludes  this  thesis  by  a  synthesis,  which  demonstrates
that hydrogen peroxide can be produced by a photochemical reaction from H2O and N2O
precursors in solid krypton. This observation may have significance in atmospheric
chemistry.
1.1 Hydrogen peroxide
Hydrogen peroxide, H2O2, is a molecule of considerable interest in many fields including
oxidation reactions, [1] combustion chemistry, [2] biological processes, [3] and
photodissociation dynamics. [4-11] H2O2 is also important in industrial chemistry where,
for example, it is a frequently used bleaching agent in the production of pulp and paper.
H2O2 is considered to be a central oxygen metabolite produced in living cells [12] and it
has been observed to damage DNA. [13]
Hydrogen peroxide also plays an important role in atmospheric chemistry, because it is
a source of reactive OH radicals. Gaseous hydrogen peroxide is mainly formed upon the
reaction of two hydroperoxyl radicals [14]
HO2 + HO2 ??  H2O2 + O2. (1)
Biomass burning and other combustion processes are also important sources of gas phase
hydrogen peroxide. During thunderstorms, high concentrations of H2O2 have been
observed. [15] The concentration of hydrogen peroxide in the atmosphere depends on
photochemical processes. It was found that the concentration of H2O2 follows the intensity
of the light. [14] Chemical reactions in the clouds have a significant effect on the
photochemical processes in the lower troposphere, which also affects the concentration of
2H2O2. [16] Hydrogen peroxide dissolves easily into aqueous water droplets forming
aqueous phase hydrogen peroxide, which is the main sink for gas-phase H2O2. UV
photolysis of H2O2, and the Fenton reaction in the presence of Fe(II), are other sinks of
H2O2. [14]
In space, H2O2 has been observed on the surface of Europa, a satellite of Jupiter, [17]
where it has been suggested that it exists in the form of isolated H2O2•2H2O species, [18]
and on Enceladus, one of the icy satellites of Saturn. [19] H2O2 has also been detected in
the atmosphere of Mars indicating that water has been photochemically converted to H2O2.
[20]
1.2 Matrix isolation
Pimentel  and co-workers developed the matrix isolation (MI) technique in 1954 to study
highly unstable molecules. [21] In matrix isolation experiments, individual molecules are
trapped and isolated from one another in a solid, inert matrix at low temperatures. Under
these conditions, the molecules cannot interact. Therefore, the MI technique is well-suited
to study reactive chemical species such as ions and free radicals. The matrix isolation
technique also allows for the study of weakly bound systems such as hydrogen-bonded,
charge transfer, and van der Waals complexes, which are unstable under room temperature
conditions.
To  prepare  a  frozen  solid  matrix,  the  species  to  be  studied  is  sprayed,  with  a  large
amount  of  rare  gas,  onto  a  cold  substrate,  which  is  cooled  to  temperatures  of  4-40  K.
Experiments are performed under high vacuum to prevent contamination from unwanted
gases freezing onto the cold window. Rare gases are common host materials for MI studies
because of their large spectral transparency, which extends from the vacuum ultraviolet to
the far-infrared region. Besides rare gases, molecular oxygen, nitrogen, methane,
hydrogen, ammonia, and water have been used as host materials. [22] Reactive species can
be generated either in the gas phase prior to deposition, or after deposition by in-situ
photolysis of an appropriate matrix-isolated precursor. Several spectroscopic techniques
such as infrared (IR), Raman, ultraviolet and visible spectroscopy (UV/Vis), laser induced
fluorescence (LIF), and electron paramagnetic resonance (EPR) can be used in MI studies.
[22, 23]
Solid  hosts  interact  weakly  with  guest  molecules.  Therefore,  the  absorption  bands  of
guest molecules are shifted from the corresponding gas phase values. Aggregation of guest
species and molecules trapped in several lattice geometries produce additional absorption
bands in the spectra. Even a small amount of an unwanted impurity, such as N2,  O2, or
H2O, can change the spectrum, since complexation of various forms can take place. Small
molecules, like H2O, NH3, and hydrogen halides, can rotate in a low-temperature matrix.
This complicates the interpretation of the spectra. [24]
Despite the reservations mentioned above, a low-temperature solid environment is
often used to study molecules and molecular complexes because the species can be
isolated and selectively studied and because the formation and decomposition of the
species can be controlled. For example, a low-temperature rare gas environment has been
3employed to study the structural and vibrational properties of van der Waals complexes of
H2O2. Hydrogen peroxide forms complexes in a low temperature environment, and
complexes between N2, [II] (CH3)2O,  [25]  CO,  [26]  NH3 and  N(CH3)3, [27] phosphorus
and sulfur bases, [28] O3, [29] hydrogen halides (HF, HCl, and HBr), [30] water, [31]
hydrogen peroxide itself, [32] and the peroxy radical have been reported. [33]
1.3 Photodissociation in the solid state
In photodissociation, a molecule absorbs one or more photons, and then decomposes into
fragments:
*??? ? ???? ???) +???)?? ??? (2)
where ??  is  the  energy  of  a  photon  (angular  frequency? ), *(AB)  describes an excited
state complex, and the labels ? and ? specify the particular internal quantum states of the
products A and B. [34] The energy required for dissociation depends on the bond strength.
Part of the photon energy is consumed in breaking the molecular bond and the excess
energy is distributed among the kinetic, electronic, vibrational, and rotational energy of the
products. Eventually, the energy is dissipated into the surroundings.
Photodynamics in the solid phase can be distinguished from photodynamics in the gas
phase by the importance of many-body interactions. The cage effect is a process where the
solid host  prevents or hinders the dissociation of a molecular species.  Due to this effect,
recombination of fragments, isomerization or reaction with the matrix cage may happen.
Solvation by polarizable host species, such as Kr and Xe, can stabilize ionic species and
can therefore reduce significantly the ionization energies. [35]
If the excess energy is large enough, at least one fragment can exit the cage, and
permanent dissociation takes place. The probability of permanent dissociation in solid
surroundings depends on the molecular binding energy and the barrier height of the solid
host, which is typically 1-2 eV in rare gases (1 eV = 1.602?10-19 J). [35] At low photon
energies  and  for  large  masses,  this  often  leads  to  a  perfect  caging.  [36]  Sometimes,  the
collisions between the guest  and the host  distort  the cage and lower its  barrier height,  so
that a delayed exit may take place. Delayed cage exit has been observed for HI, [37] HCl,
[38] H2O, [39] and H2S, [40] among others. A sudden exit, i.e. the exit of a photofragment
from the cage without a significant distortion to the cage, usually occurs with the smallest
photofragments, such as O(1D), F(2P), and S(1D). [36] Permanent photodissociation leads
to stabilization of photofragments at some distance from the parent cage. Furthermore, for
small atomic fragments, light-induced mobility can take place. This has been observed for
the F atom in the photodissociation of F2 in free-standing Ar crystals [41, 42] and for the
O(1D) atom in the photolysis of N2O in a Xe matrix as well as in free-standing Xe crystals.
[43 - 45]
41.3.1 Photochemistry of H2O2
Hydrogen peroxide absorbs light at wavelengths shorter than 350 nm. The absorption
cross section increases monotonously as the wavelength decreases in the region of 190-
350 nm. [46] The gas phase photochemistry of H2O2 has been studied extensively. [4-11]
Gaseous hydrogen peroxide dissociates at wavelengths shorter than ~320 nm. [14] The
dominating photolysis products are two ground state hydroxyl radicals with high rotational
quantum numbers. [34] Upon 193 nm photolysis (6.42 eV), the energetically possible
photoproducts are:
2 2H O + h? ?? 2 2H + O ?< 875 nm (3)
3
2H O + O( P) ?< 829 nm (4)
2H OO ?< 721 nm (5)
2 2OH(X ?) + OH(X ?) ?< 555 nm (6)
1
2H O + O( D) ?< 358 nm (7)
2H + HO ?< 325 nm (8)
1
2H O + O( S) ?< 213 nm (9)
2 2 +OH(X ?) + OH(A ? ) ?< 198 nm (10)
The given wavelengths are calculated from the standard enthalpies of formation at 298 K
and at 1 bar (1 bar = 105 Pa).  [47]  In  the  gas  phase,  the  quantum  yield  of  the  reaction
2
2 2H O 2OH(X ?)
h???? was measured to be 1.22?0.13 (193 nm photolysis), [48] which is
lower  than  2  (2  is  the  maximum  because  the  photolysis  of  H2O2 produces two OH
radicals). The quantum yields for other reaction pathways are small. [49] For the H+HO2
products, the quantum yield was determined to be 0.12 [50] and 0.20?0.03. [51]
52 Experimental methods
2.1 Sample preparation
Handling of pure hydrogen peroxide requires special techniques and care because of the
danger of explosion, particularly if the concentration of H2O2 exceeds  26  mole  %.  [52]
Commercially available urea hydrogen peroxide adduct compound, CO(NH2)2•H2O2
(UHP), has often been used as a source of hydrogen peroxide in the oxidation reactions of
organic compounds in the liquid phase, because it is safer to use than pure H2O2. [53] In
this study, urea hydrogen peroxide was used for the first time to obtain gaseous hydrogen
peroxide. [I]
2.2 Gas phase experiments
The gases released from UHP were analyzed using an FTIR spectrometer (GASMET,
Temet Instruments) designed for quantitative analysis of gas mixtures. [54] Approximately
100 mg of UHP was placed in a Pyrex glass tube, which was held in a furnace. One end of
the tube was connected to the FTIR spectrometer, and carrier gas (Ar, 99.9%) was
provided  from the  other  end.  The  flowing  gas  flowed through  a  gas  cell  with  an  optical
path length of 1.5 m. The system was purged with the carrier gas to remove water vapor
from the  walls  of  the  gas  cell.  After  stabilization  of  the  system,  a  background  spectrum
was measured. The sample temperature was raised slowly, and spectra were recorded with
a  resolution  of  8  cm?1. The available temperature range was limited because urea
decomposes  thermally  to  NH3 and HNCO. [55] The decomposition temperature of urea,
85°C, was obtained in thermogravimetric studies by Ball and Massey. [56]
2.3 Matrix isolation experiments
Hydrogen peroxide was released by flushing UHP with the matrix gas,  and the obtained
gas mixture was deposited onto a cold window. The UHP was typically at room
temperature during the deposition. The deposition line was constructed mainly from PFA
plastic (PFA is perfluoroalcoxy copolymer, manufactured by Swagelok) in order to reduce
catalytic decomposition of hydrogen peroxide on metal surfaces. [57] Deuterated
peroxides were obtained from deuterated UHP synthesized by mixing D2O with  a  30  %
water solution of H2O2 and urea, then heating the mixture to 60 °C, and finally pumping
the water off. [58] In the deuteration process, one must ensure that no unbound H2O2
remains in the vessel before vacuum pumping in order to prevent explosion.
In order to prepare matrices,  the gas mixture was deposited onto a CsI substrate in a
closed-cycle helium cryostat (APD, DE 202A or Displex CS-202). The typical deposition
6time was one hour. The temperature of the CsI substrate was controlled with a Lakeshore
temperature controller. The matrix thickness varied between 70 and 150 ?m. The
H2O2/Rg,  H2O2/N2/Ar,  H2O2/SO2/Rg, and N2O/H2O/Kr matrices were prepared in the
following ways:
? H2O2/Rg gaseous samples were obtained by flushing UHP with 99.9999% Ar,
99.997% Kr or 99.997% Xe. The total pressure of the 2.0 L bulb containing the
rare gas was about 360 torr (1 torr = 1 mmHg = 133.322 Pa, 1 bar = 105 Pa). The
substrate temperature was 17-18 K. The spectra were measured at 17-18 K. Some
H2O2/Rg samples were studied using a cryostat providing temperatures as low as
7.5 K.
? The H2O2/N2/Ar gaseous samples were prepared by flushing UHP with an N2/Ar
mixture at room temperature. The N2/Ar mixtures were prepared by mixing a small
amount (0-2%) of N2 with Ar. The total pressure of the 2.0 L bulb was about 400
torr. The matrix deposition temperature was 7.5 K.
? H2O2/SO2/Rg gaseous samples were prepared by flushing UHP with SO2/Rg at
room temperature. The total pressure of the 2.0 L bulb was about 400 torr. The gas
mixture  was  deposited  onto  a  CsI  substrate  kept  at  20  K for  argon  and  25  K for
krypton and xenon. After deposition, the sample was cooled down to 7.5 K and the
spectrum was measured.
? In N2O/H2O/Kr experiments, two bulbs were used. One bulb contained the N2O/Kr
gas mixture and the other bulb contained the H2O/Kr gas mixture. The bulbs were
connected to the matrix deposition line through calibrated leak valves (Leybold,
Varian) and the gases were mixed in the line before the deposition port. The
N2O/Kr samples were made using standard manometric technique. The total
pressure  of  the  2.0  L  bulb  was  typically  about  400  torr.  The  N2O/Kr ratio was
varied from 1/500 to 1/1000, the typical ratio being 1/700 (N2O of technical grade,
AGA). The H2O/Kr samples were made by adding a drop of deionized and distilled
water into the 2.0 L bulb and degassing it before the bulb was filled with rare gas.
This water-containing bulb was used as a source of constant H2O/rare gas
composition (H2O/rare gas = 1/16) determined by the vapor pressure of water at
room temperature. The ratio between the guest and the host was estimated using
the known integrated absorptivities and integrated intensities of guest bands. The
gas  mixtures  were  deposited  onto  a  CsI  substrate  kept  at  25  K  and  then  cooled
down to 8.5 K.
2.4 FTIR measurements and UV photolysis
The infrared absorption spectra were measured in the 4000-400 cm?1 spectral region with
a Nicolet SX60 FTIR-spectrometer. A liquid nitrogen cooled MCT detector and a Ge/KBr
beam splitter were used to measure the spectra at resolutions of 1 cm?1 or 0.25 cm?1.
Hydrogen peroxide belongs to the C2 point group. H2O2 has 6 fundamental vibrations:
the IR active modes are the symmetric and antisymmetric OH stretching vibrations (?1 and
?5, respectively), the antisymmetric OH bending vibration (?6), and torsion (?4). The
7infrared inactive modes are the symmetric OH bending (?2) and OO stretching (?3)
vibrations. [59] The torsional vibration (254.55 cm-1 in  the  gas  phase  [60])  is  outside  of
the spectral region investigated in these experiments.
Since hydrogen peroxide was obtained from UHP, its absolute amount could be
estimated only from integrated intensities. Calculations based on integrated intensities of
H2O2 show  that  the  H2O2/Ar ratio was ~1/700 - 1/1200 in the prepared matrices, in
accordance with a rough estimation made in paper I. In the H2O2/SO2/Rg experiments, the
typical ratio was (1-2)/1/750, which agrees with the rough estimate presented in paper VI.
The values used were the following: 300.7 km mol?1 for the ?3 band of N2O, [61] 60 km
mol?1 for the ?6 band of H2O2, [62] and 44.6 km mol?1 for the ?3 band of H2O. [63]
Irradiation of the matrices was carried out with an excimer laser (MSX-250, MPB
Technologies Inc) operating at 193 nm (ArF) or 248 nm (KrF) with a typical pulse energy
density of ~10 mJ/cm2. Frequency-doubled radiation from an optical parametric oscillator
(OPO Sunlite,  Continuum)  was  used  at  wavelengths  from 225  to  380  nm with  a  typical
pulse energy density of ~16 mJ/cm2.
2.5 Computational methods
Ab initio calculations were performed to support experimental interpretation. Structures,
energies,  and  vibrational  frequencies  of  the  H2O···O, H2O2···N2,  and  H2O2···SO2
complexes, and the corresponding monomers and reaction pathways from (H2O)+O? to
H2O2 were computed. All of the calculations were performed using GAUSSIAN 94, [64]
GAUSSIAN 98, [65] GAMESS, [66] and PC GAMESS [67] programs.
The energy of a molecule may be obtained by solving the Schrödinger
equation H E? ? ? . The analytical solution of the Schrödinger equation for molecular
systems is impossible. Electronic structure methods use various approximations to obtain a
solution to the Schrödinger equation. [68] There are two classes of electronic structure
methods: semi-empirical methods that use parameters from experimental data, and ab
initio methods. The latter are briefly introduced here as this was the approach adopted in
this research.
In ab initio methods, some approximations are made in order to obtain the solution. As
nuclei are much heavier than electrons, they move much more slowly and may be treated
as stationary while the electrons move quickly around them. The Schrödinger equation can
therefore - to a good approximation - be separated into nuclear and electronic parts. This is
called the Born-Oppenheimer approximation.
The electronic wave function can be solved exactly for a hydrogen-like system. For
many-electron  systems,  approximations  are  needed  to  solve  the  Schrödinger  equation.  A
generally useful approach is to represent the electronic wave function in a chosen finite
basis set. In this approach, the Schrödinger equation can be transformed into an algebraic
equation, which can be solved numerically. In many computational programs, the many-
electron wave function is constructed from approximate molecular orbitals (MOs). These
are represented as linear combinations of atomic orbitals (LCAOs) constructed from
Gaussian-type basis functions.
8The total electronic wave function is antisymmetric with respect to the interchange of
any two electronic coordinates. This can be achieved by building it from Slater
determinants. A single Slater determinant is used in the Hartree-Fock (HF) self-consistent
field  (SCF)  method,  which  provides  the  basis  for ab initio calculations. In the Hartree-
Fock approximation, each electron moves in an averaged potential of the remaining
electrons, and the energy of the electron in the effective field is minimized self-
consistently. Because electron repulsion is overestimated in the Hartree-Fock calculations,
electron correlation methods have been developed to take the correlation of electrons into
account. Examples of electron correlation methods are Møller-Plesset (MP) perturbation
theory, configuration interaction (CI), and coupled cluster (CC) methods.
Electronically excited states require a careful description of electron correlation to
obtain reliable energies. A qualitative description of excited states can be achieved by the
CI method for a single excited determinant, denoted as CIS. A more sophisticated
description requires the use of multi-configurational self-consistent field theory (MCSCF)
based methods where the orbitals are optimized for each particular state. MCSCF based
methods are often used to describe the low lying electronic states or bond breaking. [68]
The basis sets used were the split-valence, 6-31G with diffusion and polarization
functions to give 6-31+G(d,p), 6-31++G(2d,2p), and 6-311++G(2d,2p) basis sets.
Additionally, the properties of the complexes were studied using correlation consistent
basis sets up to triple-zeta quality (cc-pVDZ and cc-pVTZ). Calculations were also
performed with the double-zeta basis sets where the diffuse functions were added (aug-cc-
pVDZ). An introduction to the basis sets used can be found in Ref. 68. The complex
properties were considered via the supermolecular Møller-Plesset perturbation theory to
the second order (MP2). The harmonic vibrational frequencies were calculated using
analytical second derivatives. The MP2/6-311++G(2d,2p) level of theory was found to be
an acceptable compromise between efficiency and accuracy for weak chemical
interactions. [69]
The interaction energies were estimated as the difference between the total energy of
the complex and the monomers at infinite distance, where the monomer wave functions
were  derived  in  the  dimer  centered  basis  set  (DCBS).  This  approach  corresponds  to  the
counterpoise  correction  which  was  proposed  by  Boys  and  Bernardi;  it  aims  to  minimize
the basis set superposition error (BSSE). [70]
Complete active space SCF (CASSCF) is  a variant of MCSCF, consisting of an SCF
computation  with  full  CI  involving  a  subset  of  the  orbitals.  This  subset  is  known as  the
active space. In paper VII, the potential energy surface calculations of (H2O)++O? were
performed using  the  CASSCF method.  The  two 1s  atomic  orbitals  of  oxygen  were  kept
doubly occupied in all configurations, while 12 active orbitals were available for partial
occupation of 14 electrons. This set of orbitals was used to qualitatively describe the
H2O···O, OH···OH, and H2O2 species participating in the photochemical reaction. The
geometry optimizations were performed using the CASSCF approximation, and energies
in  the  point  of  major  interest  were  also  computed  using  the  second  order  multi-
configurational quasi-degenerate perturbation theory (MCQDPT2) as implemented in
GAMESS. [66, 67]
93 Results and discussion
3.1 Gas phase measurements
The gas phase analysis demonstrated that gaseous H2O2 is released from the UHP adduct
below 92 °C. [I] Above 92 °C, urea decomposes producing NH3 and  HNCO.  [55]  This
temperature is close to the value of 85°C obtained from thermogravimetric studies by Ball
and Massey. [56] The decomposition temperature (92 °C) obtained in gas phase studies [I]
is inaccurate since a large volume of gas is involved in the experiments. A 1.5 L gas cell
was used, and the whole volume could not be heated uniformly.
The main aim of the gas-phase experiment was to show the release of gaseous
hydrogen peroxide below the UHP decomposition temperature. Figure 1 presents a low
resolution FTIR spectrum of H2O2.  The  fundamentals  of  H2O2 at  3600  cm?1 (?1 and  ?5)
and 1260 cm?1 (?6) are seen in the spectrum. The band at 2345 cm?1 arises from residual
carbon dioxide inside the multipass gas cell. A weak water vapor bending fundamental
??2)  is  seen  at  1600  cm?1. The symmetric and antisymmetric stretching bands of water
vapor (3657 and 3756 cm-1,  respectively [71]) partially overlap with the H2O2 stretching
bands (3600 cm-1), but the intensities of these vibrations are lower than that of the ?2
bending vibration of H2O. [63] The very weak H2O bands show that this method can be
used to obtain a small amount of pure, gaseous H2O2. This encouraged the use of UHP in
matrix isolation experiments.
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Figure 1. FTIR spectrum of gaseous H2O2/Ar mixture measured with a resolution of
8 cm?1. The temperature of UHP was 67 °C.
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3.2 The infrared spectrum of H2O2 in solid rare gases
Matrix isolation experiments in which UHP was the source of H2O2 showed that H2O2 can
be deposited without significant contamination by water. A survey spectrum of H2O2
isolated in solid argon is presented in Figure 2. All the water peaks are due to vibration-
rotation bands of monomeric water. [72-77] Due to a concentrated sample, aggregates of
H2O2 are also observed. No indication of urea nor of its decomposition products was
observed in the matrix. In the following experiments, the amount of H2O2 was kept small
and the amount of multimeric H2O2 was minimized.
Upon deuteration, absorption bands belonging to D2O2 and HDO2 were observed. The
identification of absorption bands due to H2O2 and its deuterated analogues in solid argon
was based on previous work on H2O2 in solid argon [78, 79], in solid N2, [80] and in gas
phase  studies.  [59,  62,  81  -  85]  The  IR  spectra  of  H2O2 and its isotopologues in solid
krypton  and  xenon  were  identified  for  the  first  time  in  this  work.  [I]  The  main  infrared
absorption bands of monomeric H2O2, HDO2 and D2O2 are presented in Table 1.
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Figure  2:  Survey  spectrum  of  H2O2 isolated in an argon matrix. The concentration of
H2O2 is high, and dimeric (d) [32] and multimeric species (m) are present. Impurity water
peaks are indicated in the figure. The spectral resolution is 1.0 cm?1.
Several gas-phase studies have previously shown that the absorption bands of
hydrogen peroxide are split due to hindered internal rotation. [60, 82, 84] Hougen has
analyzed the allowed transitions, when both cis and trans tunneling are taken into account.
[86] Perrin et al. derived from experimental data the lower trans- and higher cis- energy
barriers for the ?6 = 1 vibrational state to be 312.32?0.9 cm?1 and 2840.4?120 cm?1,
respectively. [85] In the gas phase, the splitting of the ground state is 11.44 cm-1. [83] Due
to tunneling, the gas phase infrared spectrum of hydrogen peroxide consists of doublet
structures.
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In this study, split  absorption bands are observed. [I]  This splitting was explained by
the tunneling of a hydrogen atom in analogy with the gas phase. However, splitting due to
matrix site effects is also probable. The assignment of the symmetric and antisymmetric
stretching vibrations (?1 and ?5, respectively) is not obvious due to overlapping of these
two bands and the interference of impurity water bands in the same spectral region. The
exact assignment of the stretching vibrations of HDO2 is uncertain due to splitting of the
HDO2/D2O2 bands and possible interference of the combination ?2+?6 (?2 and  ?6 are  the
symmetric and antisymmetric bends, respectively) band of H2O2 and water impurities.
Table 1. Main infrared absorption bands (in cm?1) of monomeric H2O2, HDO2 and D2O2
in solid argon, krypton, and xenon.
Ar Kr Xe Assignment
H2O2 3597.0 3583.6 3568.0 ?1, ?5 OH str.
H2O2 3587.8 3574.0 3560.0 ?1, ?5 OH str.
H2O2 2653.0 2649.7 2639.6 ?2+?6
H2O2 2643.6 2636.3 2628.5 ?2+?6
D2O2 2655.7 2645.2 2639 ?1, ?5 OD str.
D2O2 2651.3 2633.2 ?1, ?5 OD str.
D2O2 2645.3 2628.4 ?1, ?5 OD str.
D2O2 1974.2 - - ?2+?6
D2O2 1965.2 1960.0 1954.3 ?2+?6
HDO2 1350.3 1346.4 1341.8 bending
HDO2 1342.6 1339.6 1336.6 bending
H2O2 1277.0 1273.7 1270.3 ?6 sym. bend
H2O2 1270.9 1268.7 1265.7 ?6 sym. bend
D2O2 951.3 949.9 947.8 ?6 sym. bend
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3.3 Complexes of H2O2
3.3.1 H2O2···N2 complex
The interaction between H2O2 and  N2 was studied using infrared spectroscopy and ab
initio calculations. [III] Computational studies with the H2O2···N2 complex  were
performed at the MP/6-311++G(2d,2p) and MP2/cc-pVTZ levels of theory. The MP2/6-
311++G(2d,2p) optimized structure of the complex was used to evaluate the interaction
energy at higher correlated levels (CCSD(T)). A potential energy surface (PES)
calculation for the H2O2···N2 complex resulted in only one stationary point, where the
structure of H2O2 is  perturbed  very  little  upon  complexation  compared  with  the  isolated
H2O2.  The H2O2···N2 complex is an almost linear hydrogen-bonded complex. The BSSE-
corrected interaction energy at the CCSD(T) level, using a geometry derived with MP2/6-
311++G(2d,2p), is E(CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) = ?5.5 kJ/mol.
When nitrogen is added to an H2O2/Rg sample, new absorption bands appear close to the
H2O2 bands, and these features are assigned to the H2O2···N2 complex. Figure 3 presents
the ?6 band of H2O2 as the amount of N2 is increased. The calculated wavenumber shifts
between the H2O2 monomer and H2O2···N2. These agree with the experimentally observed
shifts, see Table 2.
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Figure 3.  Spectra  of  H2O2 with  N2 in  solid  argon  as  a  function  of  the  N2 concentration.
The H2O2···N2 complex band is marked with an asterisk.
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Table 2. Calculated and observed wavenumbers of H2O2 and  H2O2···N2 (in cm?1).
Underlined  values  are  used  in  the  calculations  of  the  observed  shift  between  the  H2O2
monomer and the H2O2···N2 complex.
Assignment H2O2
(in Ar)
MP2/cc-
pVTZ
H2O2···N2
(in Ar)
MP2/cc-
pVTZ
Calc.
shift
Observed
shift
?5 OH str. 3588.2 3820.3 3587.2 3818.2 ?2.1 ?1.0
?1 OH str 3586.4 3819.3 3582.1 3810.0 ?9.3 ?4.3
?2??6 2653.0
2643.6 2656.5
?2 sym.bend 1437.4 1450.8 +13.4
?6 antis.bend 1277.0 1280.0 1337.8 +9.8 +9.1
1270.9 1328.0
3.3.2 H2O2···SO2 complex
The interaction between H2O2 and SO2 was studied both experimentally and
computationally. [VI] Computationally, two structures of the H2O2···SO2 complex were
obtained.
Figure 4. Calculated geometry of the lower energy form of the H2O2···SO2 complex.
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The lower energy structure forms a five membered planar ring with an interaction energy
of -19.5 kJ/mol at the CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) level of
theory. The calculated interaction bond length (H4-O5) at the MP2//6-311++G(2d,2p)
level  of  theory  is  2.046  Å  (1  Å  =  10-10 m), see Figure 4. The higher energy structure
forms a twisted 5-membered ring, and it could be considered to be a higher energy
conformer  of  the  lower  energy  structure  with  a  rotation  of  the  dangling  H-atom around
the  O-O  bond  of  H2O2.  The  calculated  CCSD(T)  interaction  energy  of  this  structure  is
-11.2 kJ/mol. The computationally obtained structure in Figure 4 is similar to one
reported earlier by Vincent et al. [87] The structure is also similar to the experimentally
obtained structure of HOO···SO2 by Svensson and Nelander. [88]
In H2O2/SO2/Rg matrices, a complex of H2O2 and SO2 is formed, as demonstrated in
Figure 5 for solid argon (spectrum c). Several additional bands near the absorption bands
that belong to isolated H2O2 and SO2 provide evidence for this complex. Comparing the
IR spectrum of the complex with the spectra of the H2O2 and SO2 monomers, [I, 89] these
additional absorption bands are at 3572.8 cm?1, a triplet at 3518.7, 3511.2, and 3504.7
cm?1, and at 1340.3, 1280.2, and 1149.9 cm?1. These new bands are seen at relatively low
guest/host ratios indicating that they belong to the 1:1 complexes. When dimeric H2O2 is
present, an additional band appears at 1290.8 cm-1.  This  band  is  close  to  the  reported
H2O2 dimer band (1293.5 cm-1 [32]) and is probably due to the (H2O2)2···SO2 complex.
Previously,  Tso  and  Lee  tentatively  assigned  two OH stretching  vibrations  at  3568  and
3548 cm?1 to the 1:1 H2O2···SO2 complex in their photolysis experiments of H2S in solid
O2. [90]
Table 3. Observed infrared absorption bands of the H2O2···SO2 complex, H2O2, SO2, and
the vibrational shifts (??) in solid argon, krypton, and xenon. All values are in cm-1.
Monomers H2O2···SO2
Ar Kr Xe Ar ??(Ar) Kr ??(Kr) Xe ??(Xe)
H2O2 str. 3587.7 3574.0 3560.0 3572.8 -15.0 3570.3 -3.7 3551.4 -8.6
H2O2 str. 3518.7 -69.1 3533.1 -40.9 3531.3 -28.7
3511.2 -76.6
3504.7 -83.1
?3 SO2 1355.2 1350.1 1344.9 1340.3 -14.9 1337.2 -12.9 1334.0 -10.9
?6 H2O2 1270.9 1268.7 1265.7 1280.2 9.3 1278.2 9.5 1273.4 7.7
?1 SO2  1152.0 1149.8 1148.9 1149.9 -2.1 1145.2 -4.6 1142.0 -6.9
?2 SO2  519.5 519.0 517.0 526.2 -7.2 523.2 -6.2
Figure 6 presents infrared spectra of the H2O2···SO2 complex in the OH stretching
region in solid argon, krypton, and xenon. The main difference between the spectra is the
shift of the OH stretching mode. In solid krypton and xenon, the free OH stretching mode
is shifted a few reciprocal centimeters from the corresponding monomeric stretching
mode in the same matrices, and the bonded OH stretching mode is shifted
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-40.9 and -28.7 cm?1 for solid krypton and xenon, respectively. In both matrices, the non-
complexed OH bond is sensitive to the change of the environment, while the complexed
OH  bond  is  not.  Similar  behaviour  was  also  observed  in  the  case  of  the  H2O2···CO
complex in solid argon, krypton, and xenon. [26] However,  in solid argon, the situation
for  the  H2O2···SO2 complex  is  different:  the  bonded  OH  stretching  of  the  H2O2···SO2
complex is split and the shift from monomeric OH stretching mode is abnormal. One
possible reason for this may be the size of the matrix lattice site compared to the
embedded H2O2···SO2 complex. The argon matrix cage may be too small for this
complex; this changes the complex structure and causes spectral splitting of the
absorption.  The  triplet  structure  in  solid  argon  is  most  probably  due  to  the  matrix  site
effect. Observed infrared absorption bands of the H2O2···SO2 complex, H2O2, SO2 and the
vibrational shifts in solid argon, krypton, and xenon are presented in Table 3.
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Figure 5. FTIR spectra of SO2/Ar (spectrum a), H2O2/Ar (spectrum b) and H2O2/SO2/Ar
(spectrum c) matrices. The H2O2···SO2 bands are marked with an asterisk. The band
marked with a circle (°) is tentatively assigned to the (H2O2)2···SO2 complex.
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Figure  6. FTIR spectra of the H2O2···SO2 complex  in  the  OH  stretching  region  in  solid
argon, krypton, and xenon. The bands marked with asterisks belong to the H2O2···SO2
complex.
In Ar matrices, the free OH stretching mode of the H2O2···SO2 complex shifts by -15
cm?1 from the H2O2 fundamental (3578.8 cm?1), while the complexed stretching mode has
a  larger  red  shift  of  69-83  cm?1, depending on the matrix site. Computationally, at the
MP2/6-311++G(2d,2p) level of theory, a more stable complex (Figure 4) was predicted to
induce  shifts  of  -21  cm?1 and -91 cm?1 for the free and hydrogen-bonded OH-groups of
H2O2,  respectively.  The  predicted  vibrational  wavenumbers  for  the  H2O2 subunit agree
with experimental  results.  For the SO2 subunit,  the agreement is  not so good, since only
the symmetric stretching mode (?1) of SO2 was adequately predicted by the calculations.
This disagreement could be due to insufficient electron correlation and incompleteness of
the basis set used to describe the SO2 monomer in the complex. The addition of an
anharmonic correction to the wavenumber calculations might solve this problem. In fact,
B3LYP anharmonic frequency calculations of the SO2···HO2 complex by Wang and Hou
[91] are in agreement with the experimental work on this complex in solid argon. [88]
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3.4 Photochemistry of hydrogen peroxide in solid argon
Photolysis of hydrogen peroxide in solid argon, krypton, and xenon is described in the
following sections,  and differences between the solid hosts are discussed. A novel result
obtained from the photodissociation of H2O2 is  the formation of the H2O···O complex in
low-temperature  solids.  In  this  complex,  water  is  bonded  to  a  ground  state  oxygen  atom
forming a hydrogen-bonded complex (HOH···O). Interestingly, the H2O···O complex can
be  converted  back  to  H2O2 by  UV  light.  The  mechanism  of  the  light-induced
photochemical recovery reaction is discussed.
3.4.1 Photolysis of H2O2 in solid argon
In the gas phase, H2O2 decomposes at wavelengths shorter than 320 nm forming two OH
radicals. [92] In solid argon, UV photolysis of H2O2 produces (i) OH radicals and (ii) the
H2O···O complex originating from the OH + OH reaction in the cage. A difference
spectrum showing the results of 193 nm photolysis of H2O2 in solid argon is presented in
Figure 7. The negative bands correspond to the decomposition of H2O2,  and  new  IR
absorption bands appear at 3730.1, 3633.0, and 3554.1 cm?1. [II, IV]
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Figure 7. Difference spectrum of the 193 nm photolysis of H2O2 in solid argon at 17 K.
The assignment of the OH radical spectrum is based on infrared and luminescence
spectroscopy. Under irradiation of the photolyzed sample at 285 nm, a strong
luminescence band at 340 nm and a weaker sideband at 395 nm were observed. [II]
According to the results by Goodman and Brus, this luminescence originates from matrix-
isolated OH radicals. [93] The observed infrared absorption of the OH radical at 3554
cm?1 is close to the previous assignment by Cheng et al. [94] Observation of the OH
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radicals shows that some escape from the parent cage upon UV photolysis of H2O2, while
other OH radical pairs remain in the parent cage, and their concomitant reaction produces
H2O and O: [IV]
2OH + OH H O + O?? . (11)
In the matrix cage, the (H2O + O) fragments form a van der Waals complex, which was
observed in the infrared spectrum. Because the amount of monomeric water does not
increase as a result  of photolysis,  cage exit  of an oxygen atom after the reaction plays a
minor role. The sharp bands at 3730.1 and 3633.0 cm?1 were  assigned  to  the  H2O···O
complex (see Figure 7). Similar spectra of the H2O···O complex were observed upon
photolysis of hydrogen peroxide in krypton and xenon matrices at 18 K. The H2O2
photolysis products in various matrices are listed in Table 4.
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Figure  8. Photolysis of H2O2 /HDO2 /D2O2 in solid argon at 17 K (difference spectra).
The negative bands are from decomposed H2O2, HDO2 or  D2O2. Interacting atoms are
indicated in bold.
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The assignment of the H2O···O complex spectrum was based on results obtained from
IR spectroscopy, isotopic substitution, and quantum chemical calculations. Upon UV
photolysis of deuterated peroxide, sharp bands appear at 2766.5, 2653, 2691.8, 3699.8,
and 3664.9 cm?1 (see Figure 8). These absorption bands were integrated and compared at
different stages of the photolysis and were found to grow (and decrease) synchronously.
With a low deuteration degree, where H2O2 and HDO2 were dominant before photolysis,
only one OD stretching absorption band at 2691.8 cm?1 was observed. [IV]
The observed frequencies of 3730.1 and 3633.0 cm?1 are close to monomeric water
band centers in solid argon (3734.3 and 3638.0 cm?1).  [72]  Also,  the  isotope  H/D
frequency ratios of the new bands, 1.348 and 1.369, are close to the corresponding values
for monomeric water [74] and complexed water [95] in solid argon. The new bands were
suggested to have arisen from complexed water molecules. Because the precursor was
H2O2, a complex of H2O and an oxygen atom was suggested.
The ab initio calculations at the MP2/6-311++G(2d,2p) level of theory on the van der
Waals complex H2O···O and its deuterated analogues support the assignment given above.
The calculated shifts between the monomeric water band and the corresponding
complexed  band  agree  with  the  experimental  results.  For  H2O···O  in  solid  argon,  the
experimental shifts of the OH stretching modes are ?4 and ?5 cm?1 from the water
fundamentals and the corresponding computational shifts are ?16 and ?18 cm?1. For
D2O···O, the experimental shifts of the OD stretching are ?4 and ?5 cm?1 and the
corresponding computational shifts ?8 and ?8 cm?1.  The H2O···I  complex  in  solid  argon
studied by Engdahl and Nelander also exhibits similar absorption bands to the H2O···O
complex assigned here. [95]
Figure 9. Optimized structure of the H2O···O complex. The bond lengths and bond angles
are  calculated  at  the  MP2//6-311++G(2d,2p)  level  of  theory.  [IV]  The  values  in
parentheses are the corresponding results of the CASSCF calculations. [VII]
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Table  4. The main products of 193 nm photolysis of H2O2, HDO2,  and  D2O2 in solid
argon, krypton, and xenon, and the calculated harmonic wavenumbers of the H2O···O
complex at the MP2/6-311++G(2d,2p) level of theory. The H(D) atom, to which the
oxygen atom is bound, is indicated in bold to distinguish the HDO···O complexes. The
wavenumbers are in cm?1, and the calculated harmonic wavenumbers are scaled by a
factor of 0.95. The calculated intensities (in parentheses) are given in km mol?1.
Ar Kr Xe Calculated Assignment
3747.5 3790 (74) H2O
3730.1 3718.6 3704.3 3773  (129) HOH...O ?3
3699.8 3739  (46) HOD...O
3664.9 3708  (153) DOH...O
3734 (36) HOD
3695.8 3676 (10) H2O
3633.2 3622.4 3607.3 3658  (52) HOH...O ?1
3554.1 3547.1 3530 OH
3550.2 3541.8 OH
3538.6 OH
2777 (45) D2O
2766.5 2758.8 2749.1 2769  (79) DOD…O ?3
2714  (18) DOH...O
2710 (21) HOD
2691.8 2689.5 2691  (74) HOD...O
2649 (7) D2O
2653 2674.8 2641  (27) DOD...O ?1
2620.1 2615.9 OD
2617.3 2613.5 OD
1630 broad ?HOH ?
1578 (66) H2O
1572  (57) HOH...O
1592.9 1589.9 1586.7 ?HOH ?
1383.9 HOO
1385  (53) DOH...O
1383 (57) HOD
1374  (50) HOD...O
1174 1172
1155 (35) D2O
1150  (31) DOD...O
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The computationally predicted stable structure of the H2O···O complex is presented in
Figure  9,  and  the  computed  harmonic  wavenumbers  are  presented  in  Table  4.  The
computed wavenumbers are similar to the experimental values. Two separate OH
stretching bands are predicted for every isotopologue of the water···oxygen atom complex
(HOH···O, DOD···O, HOD···O,  and  DOH···O).  In  analogy  to  the  H2O2 photolysis
experiments, the two stronger HDO···O bands at 3699.8 and 2691.8 cm?1 were assigned to
the HOD···O complexes, and the weaker band at 3664.9 cm?1 to the DOH···O complex, as
suggested by computations. This is in agreement with the usually preferred complexation
route through the D side rather than the H side. [96] The OD stretching absorption of the
DOH···O complex was not experimentally observed. According to calculations, it is
located at ~2714 cm?1, and its intensity is much weaker than that of the corresponding
band of HOD···O. Neither the bending vibration of the H2O···O complex nor the bending
vibration of its isotopologues was found in these experiments. Engdahl and Nelander also
failed to observe the bending vibration of water in the H2O···I complex. According to them
the bending vibration of the H2O···I complex could be hidden under water absorption. [95]
3.4.2 Kinetics of the H2O2 photolysis
The  H2O2 photolysis kinetics was followed by integrating the infrared bands of H2O2,
H2O···O, and OH. The concentrations were assumed to be proportional to the area under
the IR absorption bands. At the beginning of the photolysis, the H2O···O concentration
increases, but after some time it begins to decrease. At 193? ?  nm, the only stable
photolysis product of H2O2 is the OH radical. Summing up the normalized concentrations
of H2O2, H2O···O, and OH, it is observed that - within error limits - the total concentration
remains constant, as shown in Figure 10. The kinetic model of the photolysis of H2O2 in
solid argon can be described as follows:
2 3
1
2 2 2H O O H O 2 OH
k k
k
? ? ? ???????? (12)
where ki are the rate coefficients of the corresponding processes. Minor photolysis
channels and the reaction producing H2O2 from two OH radicals (OH + OH ?  H2O2) are
omitted  in  equation  (12).  The  sum  (k1+k3) gives the H2O2 photodissociation rate. After
dissociation, the initially created pair of OH radicals can become separated from each
other in the solid host or, if they remain in the same cage, they can react with each other to
produce H2O···O (k1). In turn, the H2O···O complex can be converted into H2O2 by light.
The quantum yield of OH radical production in 193 - 230 nm photolysis in solid argon,
k3 /(k1+k3),  is  (0.17±0.02),  indicating  that  83  %  of  the  OH  radicals  remain  in  the  cage
forming the H2O···O complex. However, cage exit may be even less likely because the
present analysis excludes the recovery of hydrogen peroxide from two OH radicals.
The absolute rate of H2O2 decomposition increases with photon energy, and the
spectral trend for (k1+k3) follows the known absorption spectrum of gaseous H2O2. [14]
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Using irradiation from 193 nm to 320 nm, the yield of H2O···O increases with increasing
photon energy as presented in Figure 10 (lower panel).
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Figure 10. Kinetics of the 230 nm photolysis of H2O2 in solid argon at 18 K. The average
pulse energy density was ~1 mJ/cm2. Upper panel: Relative concentrations of H2O2,
H2O···O and OH as a function of irradiation time. The strongest absorption bands of H2O2
(1270.0 cm?1),  H2O···O (3730.1 cm?1),  and  OH (3554  cm?1) were used to determine the
concentrations. The lines are fits to the kinetic model (equation 12). Lower panel: The
maximum concentration of the H2O···O complex as a function of photolysis wavelength.
3.4.3 Light-induced recovery of H2O2
Light-induced recovery of hydrogen peroxide from the water-oxygen complex was
observed in solid argon. Irradiation at 300 nm destroys the H2O···O complex and recovers
hydrogen peroxide (see Figure 11). The recovery kinetics upon 300 nm irradiation is
presented in Figure 12. The concentration of OH radicals remains constant during the 300
nm irradiation.
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Figure 11. Photolysis and recovery of H2O2 in solid argon: (a) after deposition, (b)
difference spectrum showing the result of the 193 nm irradiation, (c) difference spectrum
showing the result of the 300 nm irradiation. Note that the amount of OH radicals is
unchanged by the 300 nm irradiation.
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Figure 12. Kinetics of the H2O···O ??  H2O2 reaction in solid argon at 18 K under
300 nm irradiation. The H2O2/Ar matrix was preliminarily photolyzed at 193 nm.
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Figure 13.  Excitation profile of the H2O···O ??  H2O2 photoreaction in solid argon and
krypton.
The rate coefficient k2 for the H2O···O ??  H2O2 photoreaction was determined as a
function of the photolysis wavelength in solid argon (see Figure 13). The maximum of the
H2O2 recovery  (k2)  was  obtained  at  ~260  nm  (4.8  eV).  Due  to  the  broadness  of  the
absorption profile, photoinduced charge transfer was suggested as an initial step of the
photoreaction: [II]
H2O···O + h? ??  (H2O)+ + O? (13)
Charge transfer could occur between water and the oxygen atom. The ionization potential
of argon (15.759 eV) [47] is too high to be considered at the excitation energies used. For
Coulombically bound exciplexes, the transition energy required for charge transfer can be
estimated by the following expression: [97, 98]
tr sol
2 e= IP(H O) - EA(O) - ( ) -E U R E , (14)
where IP and EA are the ionization potential and the electron affinity, U(Re) is the
electrostatic potential of the (H2O)+···O– complex, solE  is the difference between the
ground and the excited state solvation energies. IP(H2O) = 12.6 eV, EA(O) = 1.46 eV, [47]
and the electrostatic potential energy of 5.35 eV obtained from ab initio calculations are
used. The solvation energy, solE , was estimated by employing a simple classical cavity cell
model by Fajardo and Apkarian: [97, 98]
2
sol
3
0
1 8( -1)?( )=
?? (2 +1)
E
d
? ?
? ? , (15)
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where ? is the dielectric constant of the medium, d is the cavity diameter, and 2( )??  is the
difference between the squares of the dipole moments in the ground and excited states.
The  estimate  of  solvation  energy  yielded  0.51  eV.  As  a  result, trE was calculated to be
about 5.28 eV (235 nm), which is in reasonable agreement with experiment.
The (H2O)+···O– charge transfer complex was suggested to relax to H2O2 via oxywater,
H2OO. [II] Oxywater is theoretically predicted to be stable, although it has not been
observed experimentally. [99] The oxywater can form hydrogen peroxide by a simple
1,2-hydrogen shift with a low energy barrier. [100, 101]
However, in the recent quantum mechanical calculations shown below, the (H2O)+O–
charge transfer state is found to relax to H2O2 via a complex between two OH radicals.
[VII] The relaxation of the charge transfer species, (H2O)+ +  O?,  to  H2O2 was modeled
computationally using ab initio CASSCF calculations. [VII] Using MCQDPT2
calculations at the CASSCF geometry, the vertical excitation energies were calculated to
estimate the accuracy of the calculations. The calculated excitation energies of the two
lowest excited singlet states of H2O2,  5.66  eV and  6.62  eV with  an  estimated  maximum
error of 0.5 eV, agree with previous calculations by Liu et al. [102]
Figure 14. Energy diagram for the formation of H2O2 from the charge transfer (H2O)++O–
state. Singlet states are marked with blue bars, and triplet states with red bars.
The diagram in the Figure 14 summarizes the possible transformations in the H2O2
system. Initially,  the H2O···O(3P) complex is in the triplet  state (lower left  corner in Fig.
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14). The fourth triplet state (E ~7 eV) corresponds to the excited state complex,
(H2O)++O– , i.e. the charge transfer state. The computed vertical excitation energy, 5.8 eV,
was obtained by averaging over four states in the CASSCF procedure followed by the
MCQDPT2 calculations. The obtained gas-phase value agrees with the semiempirical
estimate obtained in Ref. II (5.28 eV) described above. In the solid environment, if matrix
solvation  effects  and  possible  errors  in  computation  (0.5  eV)  are  taken  into  account,  the
energetic scale is fairly consistent with the experimental results (4.8 eV). It shows that an
excitation of about 5 eV of the H2O···O complex in the matrix would allow the complex to
reach the charge transfer (H2O)++O? state.
A  possible  path  from  (H2O)++O– to  H2O2 was investigated by performing
unconstrained geometry optimizations starting from the (H2O)++O– state. Upon descent
along the PES, a structure consisting of HO···H···O was found, as seen in Figure 14. The
potential energy surface leads from the HO···H···O structure to a complex between two OH
radicals. The rearrangement of a complex of two OH radicals to H2O2 should be easily
accomplished  in  the  solid  state.  In  conclusion,  the  CASSCF calculations  suggest  that  (i)
the (H2O)++O– charge transfer state can be excited by the photon energies used, and (ii)
the formation of H2O2 is probable from this excited state.
3.5 Photochemistry of H2O2 in solid krypton and in solid xenon
In this section, the results obtained in different matrices are compared. Several
photochemical studies on H2O2 were  performed in  solid  krypton  and  xenon.  The  studies
discussed above were carried out in solid argon at 18 K. [II, IV] When the temperature is
lower (7.5 K), all of the photolysis products in solid argon agree with the measurements at
higher temperatures. On the other hand, some new features in the photolysis of H2O2 are
observed in solid krypton and in solid xenon. [V] There are three main differences in the
photolysis of H2O2 in  solid  argon  as  compared  to  solid  krypton  and  xenon.  [V]  First,
additional absorption bands are observed in solid krypton and xenon. Secondly,
differences are found in the amount of the H2O···O complex formed upon photolysis in the
different matrices. The third difference concerns the OH radical as the photolysis product.
A new absorber was observed upon UV photolysis of hydrogen peroxide at 7.5 K. The
feature appears at 1588 cm?1 in solid krypton, and at 1587 cm?1 in solid xenon. The
intensities of these bands decrease to zero upon annealing at about 15 K, while the
H2O···O complex bands grow. During annealing, there were no observed changes in the
intensities of H2O2 and OH. The band observed in solid krypton and xenon is close to the
absorption band position of non-rotating water (1589.2 cm?1 in solid krypton), [72] which
supports the idea that the band originates from complexed water. The band is probably due
to a complex between water and the oxygen atom with different geometry compared to the
van der Waals complex H2O···O described earlier. This new band was assigned to a loose
complex between H2O and O, denoted as H2O//O. [V] The irreversible conversion of the
loose complex H2O//O to the H2O···O complex occurs at about 15 K and does not involve
global mobility of the O atom. The formation of the loose H2O//O complex represents an
example of the short-range stabilization discussed by Khriachtchev et al. [103] The
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photolysis of H2O2 produces  H2O  and  an  energetic  O  atom  in  a  cage.  The  energetic  O
atom can be stabilized at different distances from H2O thus forming H2O···O and H2O//O,
or it can escape from the vicinity of the H2O molecule.
The second difference from argon matrices concerns the long-range escape of O
atoms. It was found that the three-component model used in solid argon does not describe
the experimental results obtained in solid krypton and xenon. Permanent losses of O atoms
can be proposed. In solid xenon in particular, permanent losses dominate in 193 nm
photolysis. The increased losses in solid krypton and xenon can be connected with the
higher mobility of oxygen atoms therein as compared with solid argon. The higher
mobility  of  oxygen  atoms  favors  the  cage  exit  of  an  energetic  O  atom,  and  with  the
existence of additional photolysis products. Light-induced mobility of O atoms can also
contribute to the permanent losses.
The third difference concerns the concentration of OH radicals. In solid argon, OH
radicals are the only photostable photolysis product. Upon UV photolysis of H2O2 in solid
krypton,  the  absorption  band  of  the  OH radical  is  relatively  weak  and  is  absent  in  solid
xenon.  The  absence  of  OH  radicals  in  solid  xenon  was  verified  by  measuring  the  LIF
spectrum, which showed no sign of OH radicals in xenon after the 225-320 nm photolysis.
[V]  There  are  reasons  for  the  absence  of  OH  radicals.  First,  the  delayed  cage  exit  of  a
fragment  is  strongly  influenced  by  energy  transfer  between  the  guest  and  the  host.  [36]
Activation of the surroundings needed for cage exit takes several attempts, and the cage
exit  can  be  interrupted  by  the  reaction  between  the  OH  radicals  (OH  +  OH).  [II]  The
number of activation attempts should be much larger for a Xe matrix compared with Kr or
Ar matrices due to the larger mass of Xe atoms. The light fragment loses only a small part
of its energy in one collision with the lattice atoms. Therefore, the cage exit probability is
appreciable for a large number of attempts. [104, 105] In this approach, the quantum yield
of the (OH + OH) separation decreases for heavier rare gases, in a qualitative agreement
with the experiment. Second, the Xe surroundings can catalyze additional photolysis
channels. The photolysis of H2O2 in solid xenon produced absorption that can be assigned
to  the  HOO  species  (1383.9  cm-1),  in  analogy  with  HOO  absorption  bands  reported  in
solid argon. [106-108] Furthermore, the potential energy surfaces of HXeOOH and
HOXeOH might participate in the photolysis dynamics.
The H2O···O ??  H2O2 photoreaction was also observed in solid krypton and xenon.
First, the tight H2O···O complex was prepared by 266 nm irradiation and subsequent low-
temperature annealing (15-20 K), which promotes the formation of the tight complex from
the loose complex. The tight H2O···O complex was then converted into H2O2 by irradiating
in the 230-320 nm spectral region. The rate coefficient k2 for the photorecovery reaction
was  determined  as  a  function  of  wavelength  in  solid  argon  and  krypton  (see  Figure  13,
chapter 3.4.3).  The maximum of the spectral  profile in solid krypton is at  about 280 nm,
shifted to the red ~20 nanometers from the value obtained in solid argon. This similarity of
the recovery efficiency and the spectral position support the conclusion that the charge
transfer step is intrinsic to the H2O···O complex. The role of the surrounding may be
crucial for the H2O+···O– ??  H2O2 reaction.  The  small  red  shift  of  the  profile  in  solid
krypton from that in solid argon can be partially explained by the charge transfer model,
when the change of solvation energy due to the different dielectric constants
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(?  = 1.00052 in Ar, and ?  = 1.0078 in Kr) is taken into account. [47] In solid xenon, a
similar recovery was found in the same spectral region as for solid argon and krypton, but
the profile was not measured due to large permanent O atom losses. No recovery was
observed from the loose complex H2O//O. [V] Furthermore, if it is assumed that the host is
water ice, the charge transfer model described above predicts that the maximum of the
H2O···O absorption profile would shift even further to longer wavelengths. This suggests
that the H2O···O ?? H2O2 photoreaction could be significant in the production of
atmospheric hydrogen peroxide.
3.6 Photolysis of the H2O2…SO2 complex
1440 1410 1380 490 480 470
-0.01
0.00
0.01
0.02
3750 3700 3650 3600 3550 3500
-0.01
0.00
0.01
0.02
H2O···SO3
A
bs
or
ba
nc
e
Wavenumber (cm-1)
i
OH
H2O···SO3H2O···O
i
H2O2 *
***
Figure 15. FTIR spectra after 300 nm photolysis of a H2O2/SO2/Ar sample. The negative
bands indicate decomposition of the H2O2···SO2 complex (marked with asterisks). The
H2O···SO3 complex is formed in the photolysis of the H2O2···SO2 complex. The H2O···O
complex is formed from the photolysis of monomeric H2O2. At the beginning of the
photolysis, two lines appear at 3599.1 and 3514.7 cm?1. They belong to an intermediate
species (marked with i), which decomposes upon further irradiation.
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UV photolysis of the H2O2···SO2 complex in rare gas matrices at 7.5 K mainly
produces a complex between water and sulfur trioxide, H2O···SO3. The H2O···SO3 complex
has previously been identified by Bondybey and English in Ne, Ar, and Xe matrices. [109]
Irradiation at 300 nm decomposes H2O2···SO2, but SO2 is not observed to dissociate
significantly.  The IR spectrum obtained by the 300 nm photolysis of H2O2···SO2 in solid
argon is presented in Figure 15.
In solid argon, a two-step process in a matrix cage for the formation of H2O···SO3 was
proposed. [VI] First, H2O2 is photolyzed to yield H2O···O. The so-formed ternary complex
(H2O···O···SO2) is isolated in the matrix cage, which is expected given the small cage exit
probability for an oxygen atom in solid argon. The OH stretching vibrations of the
tentatively assigned H2O···O···SO2 complex are shifted a few reciprocal centimeters from
the OH stretching absorption of the H2O···O complex, see Fig. 15. In this ternary complex,
the  oxygen  atom  further  reacts  with  SO2 to produce SO3 in  the  vicinity  of  a  water
molecule, forming the H2O···SO3 complex.  At  the  CCSD(T)//MP2  level  of  theory,  the
H2O···SO3 complex was found to be 174 kJ/mol lower in energy than H2O2···SO2.
In solid krypton and xenon, the main photolysis product of the H2O2···SO2 complex is
also  the  H2O···SO3 complex, but the total amount is smaller compared to solid argon.
Permanent losses of O atoms, as discussed in the H2O2 photolysis case, probably explain
this observation.
3.7 Synthesis of H2O2 from H2O and N2O in solid krypton
The photochemical synthesis of H2O2 from  the  H2O···O complex was studied in solid
krypton. H2O2 was synthesized from H2O and N2O precursors in three steps. [VII] First,
the 193 nm photolysis of N2O yields oxygen atoms in solid krypton. Next, upon annealing
at ~ 25 K, mobile oxygen atoms react with water forming the H2O···O complex. Finally,
the H2O···O complex is converted to H2O2 by irradiation at 300 nm. The synthesis can be
described as follows:
N2O 193 nm????  N2 + O(1D) (16)
O(1D) t????O(3P) (17)
O(3P) + H2O annealing?????  H2O···O (18)
H2O···O 300 nm????   (H2O)+···O? ??  H2O2 (19)
It is supposed that the light-induced conversion of H2O···O to H2O2 proceeds via a charge
transfer state as described in chapter 3.4.3.
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In  these  experiments,  the  H2O  and  N2O  precursors  in  solid  krypton  were  mainly
monomeric species (see Figure 16). [VII] The positions of the infrared absorption bands of
H2O [72]  and  N2O [110-111] agree with previous matrix isolation studies. Photolysis at
193  nm  efficiently  decomposes  N2O  in  solid  krypton  whereas  the  concentration  of  H2O
remains practically unchanged. This was verified by integrating and summing the water
bands.  In  this  spectrum,  the  negative  peaks  at  3765.5  and  3700.7  cm–1,  and  the  positive
peak at 3747.7 cm–1 belong to different rotational transitions of monomeric water. The
observed changes in the monomeric water absorption intensities are due to ortho-para
nuclear spin conversion. [112] After photolysis, no IR active products, for example NO,
N2O2, or O3, are detected in solid krypton. The only photolysis channel of N2O produces
molecular nitrogen and atomic oxygen in analogy with the gas phase and solid state results
from N2O. [113, 114] The O(1D) atoms thus formed relax to the ground state. The lifetime
of O(1D) was found to be 780 ms in solid SF6, [115] while the lifetime is 110-115 s in the
gas phase.  [116] In some experiments,  a relaxation time of up to 3 hours was employed
before the annealing step. This ensures that the thermally mobilized oxygen atoms are in
the triplet state.
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Figure 16. Photolysis and annealing of the H2O/N2O/Kr (1/1/700) matrix. (a) IR spectrum
of  the  N2O/H2O/Kr  matrix.  A small  amount  of  the  N2O···H2O complex is present, [117]
marked with an asterisk. (b) Difference spectrum with respect to spectrum (a) showing the
results of 193 nm photolysis. No change of the H2O concentration occurs at this stage. (c)
Difference spectrum with respect to spectrum (b) showing the result of annealing at 23 K.
The H2O concentration decreases at this stage. The sample temperature was 8.5 K during
the spectral measurements.
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The O atoms trapped in solid krypton were mobilized by annealing. Upon annealing of
a photolyzed sample at ?14 K, new absorption bands were observed at 3718 and 3623
cm–1 indicating the formation of the H2O···O complex, see Figure 16c.  The formation of
the H2O···O complex takes place in two stages (see Figure 17a). The first stage occurs at
14  -  18  K,  and  it  presumably  originates  from  H2O  and  O  fragments  that  are  in  close
vicinity to each other (short-range mobility). The second stage occurs at temperatures
above 22 K, where oxygen atoms move globally. The amount of monomeric water
decreases at this step of the synthesis indicating a reaction between H2O and mobile
oxygen atoms. Ozone (absorption at 1033 cm–1 in  solid  Kr)  [118]  was  formed  in  small
quantities and especially after annealing above 25 K. Danilychev and Apkarian studied the
recombination of two oxygen atoms in free standing Kr crystals. They found that oxygen
atom recombination is activated at 20 K and 30 K. [114] Because the guest/rare gas ratio is
smaller in free standing crystals, the obtained temperatures (14 - 18 and 22 K) agree with
previous results.  In a xenon matrix,  oxygen atom reaction was also observed to occur at
two  stages:  first  at  18  -  24  K  from  close  O···O2 pairs, and at 27 K due to the global
mobility of oxygen atoms. [119]
The  kinetics  of  the  global  oxygen  atom  mobility  was  studied  as  follows.  First,  the
photolyzed sample was annealed at 21 K for several minutes to allow all of the atoms
within  a  short  range  to  react.  Secondly,  the  sample  was  annealed  at  22  -  25  K,  and  the
H2O···O concentration was measured as a function of annealing time. Finally, the sample
was annealed to 28 K to let all the available O atoms react. The H2O···O concentration
obtained at 28 K was used to normalize the concentrations (Figure 17). The kinetic curves
at 22,  23,  and 24 K are presented in Figure 17b. The formation of the H2O···O complex
was fast above 25 K, and the formation kinetics could not be measured. The natural
logarithm of the characteristic time (in minutes) of the formation of the H2O···O complex
as a function of reciprocal annealing temperature is presented in Figure 17c. A linear fit to
these  data  yielded  an  Arrhenius  activation  energy  of  (70?6) meV (550 cm–1)  for  the
mobility of the O atoms.
The mobility of the oxygen atom in the solid state has been studied in many
experimental and theoretical papers. [36, 43-45, 114, 120-127] According to the model
suggested by Danilychev and Apkarian, the mobile oxygen atoms are in the triplet ground
state. [114, 124] The activation energy obtained in the present work, (70?6) meV, agrees
with the experimental site dependent activation energies (0.05 and 0.13 eV) reported by
Danilychev and Apkarian. [124]
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Figure 17.  (a)  Formation  of  the  H2O···O complex in solid krypton as a function of
annealing temperature. The temperature was increased at a rate of 1 K/min. The spectra
were measured at elevated temperatures. Short-range (14 - 18 K) and long-range (? 22 K)
formation  of  the  H2O···O complex can be distinguished. Before annealing, the
N2O/H2O/Kr = 1/1/700 matrix was photolyzed at 193 nm. The H2O···O concentration was
obtained by integration of the 3718 cm–1 band and normalized by the value after additional
annealing to 28 K for ~10 min. (b) Kinetic curves of the H2O···O formation at various
annealing temperatures. (c) Characteristic time (in minutes) for the formation of H2O···O
as a function of the annealing temperature. The averaged slope gives an activation energy
of ~ 70 meV.
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Upon 300 nm irradiation, the H2O···O complex absorption decreases, and the H2O2
absorption increases (see Figure 18). The amounts of photolyzed N2O and newly-formed
H2O2 were compared by integrating the corresponding IR absorption bands and using
known band intensities. [61 - 63] The estimate shows that 50-60 % of oxygen atoms from
decomposed N2O are transferred to H2O2, which is a high yield. In addition, a small
portion of the oxygen atoms may react with each other or with O2 impurities to produce
O3, which is observed as a minor product at 1033.6 cm–1. The formation of O2 in similar
experiments has been observed previously. [26]
3800 3700 3600 3500
-0.05
0.00
0.05
A
bs
or
ba
nc
e
Wavenumber (cm-1)
H2O2
H2O···O
(a)H2O
Figure 18. Formation of H2O2 from H2O···O in solid krypton upon irradiation at 300 nm.
The figure shows a difference spectrum, where the spectrum after 28 K annealing is used
as  a  background.  The  changes  of  the  monomeric  water  band  intensities  are  due  to  spin
conversion, [112] and the concentration of H2O does not change.
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4 Concluding remarks
The photolysis and spectroscopy of H2O2 and  its  complexes  in  solid  rare  gases  (Ar,  Kr,
and  Xe)  were  studied.  Hydrogen  peroxide  was  obtained  by  flushing  rare  gas  over  UHP,
which provided a new and safe technique to obtain pure, gaseous hydrogen peroxide.
Infrared and luminescence spectroscopy, isotopic substitution, and quantum chemical
calculations were used to interpret the spectra of H2O2,  its  complexes,  and its  photolysis
products.
The UV photolysis of H2O2 and its deuterated analogues was studied in solid rare
gases. In solid argon, the 193 nm photolysis of H2O2 produces a van der Waals complex
between  water  and  a  ground  state  oxygen  atom,  H2O···O(3P), and free OH radicals. The
H2O···O(3P) complex was characterized in solid argon, krypton, and xenon for the first
time using infrared spectroscopy, isotopic substitution, and quantum chemical
calculations. The photolysis kinetics of H2O2 was studied. In solid argon, the photolysis of
H2O2 follows a three-component model:
2 3
1
2 2 2H O O H O 2 OH
k k
k
? ? ? ???????? (20)
The rate constants are wavelength dependent. During photolysis in solid argon, the sum of
the normalized concentrations of H2O···O, H2O2 and the OH radical remains unity.
There are three main differences in the photochemistry of H2O2 in solid argon
compared to solid krypton and xenon. (i) A loose water oxygen complex, H2O//O was
observed  in  the  photolysis  of  H2O2 in  solid  krypton  and  xenon.  In  the  H2O//O complex,
the oxygen atom is stabilized at a different distance from the H2O molecule when
compared with the H2O···O complex. The loose H2O//O complex decomposes below 20 K
forming  the  H2O···O complex. (ii) The second difference is the long-range escape of O
atoms. In solid krypton and xenon, the experimental results of H2O2 photolysis cannot be
described with the same model as that used for solid argon: the sum of the normalized
concentrations of H2O···O, H2O//O, H2O2 and OH radical decreases during the photolysis
indicating losses from the three-component model. The total amount of the H2O···O
complex is smaller in solid krypton than in solid argon, and it is formed only in small
amounts in solid xenon. (iii) The amount of OH radicals formed differs in the rare gas
solids  studied.  In  solid  argon,  the  only  photostable  product  is  the  OH  radical.  In  solid
krypton, the amount of OH radicals is much smaller, and it is absent in solid xenon. The
differences in H2O2 photolysis compared to solid argon are partially due to the higher
oxygen atom mobility in solid krypton and xenon. The cage-exit probability of the O atom
after  the  OH + OH reaction  in  the  cage  is  larger  in  solid  krypton  and  xenon.  The  HOO
species formed in the photolysis in solid xenon indicates the presence of additional
photolysis channels.
Hydrogen peroxide was also produced from H2O  and  N2O precursors using UV
photolysis and low temperature annealing in solid krypton. The 193 nm photolysis of N2O
35
produces oxygen atoms. Upon annealing of the sample at about 25 K, oxygen atoms are
mobilized and form the H2O···O complex. Subsequent UV irradiation converts the H2O···O
complex into H2O2. The activation energy of the H2O···O formation, i.e. oxygen atom
mobility, was estimated to be about 70 meV. This agrees with previous experimental
studies.
A light-induced recovery of H2O2 from the H2O···O(3P) complex was experimentally
demonstrated in solid argon, krypton, and xenon. The origin of the recovery reaction stems
from a photoinduced charge transfer between H2O and O with concomitant recombination
into H2O2. The concentration of OH radicals remains constant, indicating that they do not
take part in the recovery reaction.
Relaxation of the (H2O)++O? charge transfer state to H2O2 was studied by the ab initio
CASSCF calculations. It was estimated that an excitation energy of about 5 eV in the solid
environment  is  needed  to  excite  the  H2O···O complex to the charge transfer state, in
agreement with the experimentally estimated energy. Upon relaxation of the (H2O)++O?
system, the possible reaction path passes through the HO···H···O and OH···OH
configurations  on  its  way  to  H2O2. Computational modeling supports the experimental
results concerning the excitation energy and the role of the charge transfer state.
A  simple  cavity  model  can  be  applied  to  estimate  the  energy  needed  for  the  charge
transfer. According to the model, an increase in the polarizability of the host shifts the
photorecovery reaction profile to longer wavelengths. This is in agreement with
experiments in solid argon and in solid krypton. If the polarizability of water is included in
the model, the maximum of the absorbance profile is shifted to longer wavelengths. This
indicates that the studied photoreaction can produce hydrogen peroxide in condensed
water. This finding may be significant in the formation of hydrogen peroxide in the
Earth’s atmosphere or in planetary ices.
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5. Errata
Publication II:
As a result, we obtain trE = 4.84 eV, which corresponds to 256 nm for the transition
wavelenght, in agreement with the maximum of the observed profile 2( )k ? . This sentence
on page 7258 should read: As a result, we obtain trE = 5.28 eV, which corresponds to 235
nm for the transition wavelenght, in agreement with the maximum of the observed profile
2 ( )k ? .
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